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Persistent pressure overload and humoral stresses during hypertension cause cardiac hypertrophy and in tum lead
to heart failure in human･ The pressure overload and humoral stresses tngger prolonged elevation of the intracel-
lular Ca2+ levels, resulting ln pathologlCal progression of hypertrophy･ Understanding the molecular mechanisms of
ca2+-induced cardiac hypertrophy is critical to develop the pharmacologlCal therapeutics to prevent the progression
to heart failure･ The pharmacologlCal and transgenic approaches demonstrate a causal relationship between Ca2+/
calmodulin-dependent protein kinase ll (CaMKII) activation and cardiac hypertrophy･ Moreover, Ca2'/calmodulin-
dependent protein phosphatase (calcineurin) is also critical for cardiohypertrophic responses･ However the patho-
physiologlCal relevance of balance between CaMKH and calcineurin activities in cardiac ln)ury following hyper-
trophy remains unclear･ Additionally, the dysregulation of endothelial Ca2+/calmodulin-dependent endothelial nitric
oxide synthase (eNOS) may also be involved in the progressive hypertrophy followed by heart failure･
cardiac hypertrophy impairs Ca2+ handling in the sarcoplasmic reticulum (SR), thereby impairing cardiac con-
traction･ Firstly, I assessed the balance between CaMKH and calcineurin activities, which regulate phosphorylation
of phospholamban accountlng for Ca2'uptake into SR･ In cultured rat cardiomyocytes, treatments withendothe-
linll (ET-I), angiotensin ll (AT) or phenylephrine (PE) induced hypertrophy coincident with increased CaMKII
activityand elevated calcineurin protein expression. The calcineurin protein level reached its maximum at 72 h and
remained elevated for at least 96 h after ETll or AT treatment. By contrast, CaMKIl autophosphorylation, phosI
pholamban phosphorylation and caffeine-induced Ca2'mobilization all elevated and peaked at 48 h after these
treatments. By 96 h after treatment, CaMKII autophosphorylation and phospholamban phosphorylation had retumed
to baseline with concomitant impalrment Of caffeine-induced Ca2'mobilization･ A similar biphasic change was ob-
served in dystrophin levels in ET1 1-induced hypertrophic cardiomyocytes･ Notably, treatment with the novel CaM
antagonist DY-9760e or DY-9836 significantly inhibited the hypertrophy-induced dystrophin breakdown･ Taken
together, the abnormal Ca2'handling ln Cardiomyocytes followlng hypertrophy is in part mediated by an imbalance
between CaMKII and calcineurin activities, which leads to phospholamban dephosphorylation and in turh impalrS
sR Ca2十mobilization.
Secondly, I demonstrated pathophysiologlCal relevance of eNOS-induced superoxide production in cardiomyo-
cytes aRer prolonged exposure to PE. In cultured rat cardiomyocytes, prolonged PE exposure for 96h led to eNOS
translocation from membrane to cytosol and breakdown of caveolin-3 and dystrophin. When NO and O21 produc-
tion were monitored in PE-treated cells by DAF-FM and DHE, respectively, Ca2'-induced NO production elevated
by 5.7-fold (p<0.01) after 481h PE treatmentand the basal NO concentration markedly elevated (16-fold; p<0101)
after 96-h PE treatment. On the other hand, the O21 generation at 96 h was closely associated with an increased
uncoupled eNOS level. Treatment with DY-9836 (3 pM) during the last 48 h inhibited the aberrant O2~ genera-
tion near completely and NO production by 72% (P<0.01) after 96-h PE treatment and inhibited the breakdown of
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caveolin-3/dystrophin in cardiomyocytes･ The PE-induced apoptosis assessed by TUNEL staining wasalso attenu-
ated by DY-9836 treatment･ These results suggestthat 02- generation by uncoupled eNOS likely tnggersthe PE-
induced cardiomyocyte injury. Inhibition of abnormal02- and NO generation by DY-9836 treatment representsan
attractivetherapeutic strategy for PE and/orちypertrophy-induced cardiomyocyte injury･
Furthermore, I duumented cardioprotective effect of DY-9760e on cardiac hypertrophy and injury ln Vitro and
in vivo. In cultured cariomyocytes, following ET-1 (100 nM) treatment for 48 h,the mRNA levels ofANP and
BNP increased by 1 ･6-and 2･7lfold, respectively, relative to control･ Moreover,the surface aqea ofcells after ET-1
treatment for 48 halso increased by a 3.5-fold b<0.01 ) compared withControl cells when assessed by Rhodamine-
phalloidin auorescence. DYl9760e (land 3 pM) pretreatment significantly reduced ET-1-induced ANP and BNP
mRNA･levels to those basal levels,and inhibited ET- 1-induced cardiomyocyte hypertrophy in dose-dependent
manner as well.
I next examined pathologlCal relevance of dystrophinand caveolin-3 breakdownand eNOS uncoupling during
development of pressure overload-induced hyperb,ophy in in vivo･ Mice subjected to transverse aortic constriction
(TAC) for 8 weeks withor without DY-9760e treatment were evaluated for morphological, physiological, and mo-
lecular changes associatedwithprcssure overload-induced hypertrophy･ TACalOne developed cardiac hypertrophy
accompaniedwithbreakdown of dystrophinand caveolin-3 in cardiomyocytes･ The cleavage of spectrin at calpain-
dependent cleavage site confirmed calpain activation･ lalso observed decreased membrane eNOS protein levelsand
eNOSuncoupling in TAC mice･ DY-9760e treatment effectively blockedthe hypertrophic response such as ANP
mRNA elevation, dystrophinand caveolin13 breakdown, eNOS uncoupling･ These findings suggest that dystro-
phin and caveolin-3 breakdownand CNOS
uncoupling play Important roles in heart
Injury during pressure overload induced-
hyperlrophy in TAC mice. PhamacologlCal
inhibition of dystrophin and caveolin-3
breakdownand eNOS uncoupling by DY-
9760e during pressure overload may pro-
vide novel therapeutic strategy to protect
heart from hypertrophy-induced injury･
In conclusion, I could define crucial
role of imbalance CaMKII and calcineu-
rin activities which trigger abnormalCa2'
handling in SR and eNOS uncoupling ln
hypertrophied cardiomyocytes exposed to
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tion of dystrophin/caveolin-3 also has detrimental and causal roles in cardiomyocyte Injury following hypertrophy.
The observation of inhibition of Ca2'-dependent processes including calpaln-mediated proteolysis, eNOS uncou-
pling and Ca2+/caM-dependent phosphorylation by DY-9760e and DY-9836 proposesanattractive clinical thera-
peutics to prevent the progressive heart failure following hypertrophy (Fig･ I).
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審査結果の要　旨
高血圧や動脈硬化に伴う心臓に対する圧負荷,及びangiotensin II, endothelin-1, nora血enalineなどの
液性因子の環境ストレスは心臓肥大を誘発して,その後致死的な心不全-と移行することが知られてい
る｡これらの圧負荷や環境ストレスによる心筋肥大は細胞内カルシウムの恒常的な上昇が関与してい
る｡心筋小胞体からの異常なカルシウム漏出も●この細胞内カルシウム恒常性の破綻の一因であり,この
細胞内カルシウム上昇はカルシウム/カルモデュリン依存性プロテインキナ-ゼⅠⅠ (caMKII)とカルシ
ニューリンを介して心筋肥大を誘導する｡従って,細胞内カルシウム恒常性破綻のメカニズムとその抑
制薬を開発することは致死的な心不全-の進展を予防するために必要である｡
本研究でLu女史は1)培養心筋細胞を用いて, angiotensinlIとendothelin-1誘導による細胞内カル
シウム恒常性の破綻は筋小胞体のカルシウム放出と取込みが関わること,カルモデュリン阻害剤DY-
9760eとDY-9836がこのカルシウム恒常性の破綻を修復すること｡ 2)細胞内カルシウム恒常性の破綻に
よる心筋障害には内皮型一酸化窒素合成酵素(eNOS)のモノマー形成によるアンカップリングが関わる
こと, DY-9836がアンカップリングeNOSによる過剰な一酸化窒素(NO)とスーパーオキシド産生を抑
制し心筋細胞を保護すること｡ 3)圧負荷による心筋肥大マウスを用いてDY-9760eがinvivoにおて,強
い心肥大抑制効果と心機能障害の改善効果を有することを明らかにした｡
caMKllとカルシニューリンが心肥大を誘発することはすでに知られていた｡ Lu女史の研究は細胞内
カルシウム上昇のメカニズムを明らかにして,カルモデュリン阻害剤がこのカルシウム恒常性の破綻を
修復することを見出した点で興味深い｡内皮型NOSの心疾患病態での役割を再評価することの重要性を
示唆した点で重要な論文である｡即ち,これまで心臓肥大に対して保護的であると考えられていた内皮
型NOSが圧負荷の持続する状況ではアンカップリング状態となり,スーパーオキシド,ベルオキシナイ
トライトなどの毒性の高い細胞障害性ラジカルを発生させることを世界で初めて明らかにした点で大変
評価できる｡
よって,本論文は博士(薬学)の学位論文として合格と認める｡
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